The microstructure evolution of Al-3wt.%Mg reinforced with 10 vol% B 4 C during isothermal compression at temperatures ranging 300e500 C at strain rates of 0.001e10 s À1 was investigated by electron backscatter diffraction (EBSD). According to the results, at strain rates lower than 0.01 s À1 and temperatures higher than 400 C, the grain size distribution in the microstructure is uniform, dynamic recovery is the predominant softening mechanism and continues recrystallization through lattice rotation is responsible for grain refinement. However, during deformation at higher strain rates or lower temperatures, deformation zones appeared in special locations around particles where microstructure is formed by recovered and hardened grains, and particle stimulating nucleation leaded to partially discontinues dynamic recrystallization which in turns promoted finer average grain and sub-grain size than those in single phase Al-Mg alloy. Moreover, it was found that the variation of grain and sub-grain size with deformation parameters (Zener-Holloman parameter (Z)) can be described by a power law type equation rather than by an initially expected exponential expression.
Introduction
Aluminum matrix composites (AMCs) have found various applications in different industries based on their supreme properties. According to their fabrication routes, either powder metallurgy or casting, deformation at elevated temperatures is usually applied to reduce the internal defects [1] . This additional forming operation in turns provides an opportunity to design the matrix microstructure in terms of grain size and texture [2] . Based on the deformation condition, i.e., temperature, strain and strain rate, the occurrence of different restoration mechanisms such as dynamic recrystallization (DRX), dynamic recovery (DRV), and also post dynamic and static phenomena, can take place. Appropriated control of such phenomena can be used to predict and control the microstructure evolution [3] .
Presence of the second phase particles in the microstructure can make the situation more complicated. It has been shown that coarse particles lead to grain refinement by particle stimulating nucleation (PSN) and fine particles by a Zener pining effect, may keep under control or avoid the recrystallization and even grain growth during deformation sequences [4e6] . Moreover, it has been found that microstructure evolution of metal matrix composites (MMCs) during hot deformation can be also accompanied by particle fracture, particle-matrix interface debonding, flow localization and instability, and matrix cracking [7e9] . It should be noted that although the second phase affects the microstructure evolution, it has been observed that the softening mechanisms of composites are similar to those of single phase alloys and they mainly depend on the deformation condition [5, 10] . In other words, by decreasing Zener-Hollomon parameter (Z), high dislocations density area around particles, i.e., deformation zones, will be annihilated by DRX or DRV, likewise restoration mechanisms in aluminum alloys at lower Z values [6] . In addition to deformation condition, the domination of recrystallization or recovery depends on alloying elements [2] . For example Mg as an alloying element in solid solution reduces the stacking fault energy which postpones the recovery processes [11, 12] .
Several researches has been conducted on hot deformation of Al-Mg alloys as a widely applicable group of aluminum alloys, nevertheless, the occurrence of dynamic restoration mechanisms is still under debate [13e17]. For example, Sheppard et al. [18] . reported that softening mechanism depends on Mg solute and it will not happen when Mg is less than 3 wt%, whereas, Ihara et al. [19] .
observed DRXed grains in Al-3Mg alloy. Moreover, the effects of the second phase on these mechanisms in Al-Mg have been less addressed so far and although it was reported that during hot Fig. 1 . EBSD Micrographs of Al-Mg/10% B 4 C samples deformed 400 C up to strain of 0.7 at a strain rate of (a) 10
, and (c) 10 1 s
À1
. It should be noted that compression direction is Y direction. Fig. 2 . Isolated grains from microstructures deformed at 400 C up to strain of 0.7 at a strain rate of (a,c) 10 deformation of Al-Mg containing second phases particles, DRX can partially occurs [17, 20] , there is not a comprehensive study about the impact of coarse particles on the microstructure evolution of this alloys in the literature. Therefore, the aim of this research is to investigate the microstructure evolution and grain refinement mechanisms during high temperature deformation of Al-3Mg reinforced with B 4 C particles for a wide range of temperature and strain rate values.
Experiment
Al-3wt.% Mg alloy and Al-3wt.% Mg/B 4 C composites with average particle size of 80 mm and volume fraction of 10% were fabricated from stir-casting followed by hot extrusion as described in details in a previous work [21] . Chemical compositions of Al-3Mg alloy and composite according to Electron Probe Micro-Analyzer (Cameca SX100) and Quantometer analysis, were around 2.9 Mg, 0.15 Fe, and 0.2 Si (in wt.%).
Single-hit hot compression tests of cylindrical specimens with length of 11.5 and 10 mm and diameter of 7.4 and 5 mm were carried out in an Instron 4507 universal deformation machine and a Baehr DIL-805 deformation dilatometer, respectively. Deformations were performed at temperatures of 300 C, 400 C and 500 C at constant strain rates ranging 10 À3 to 10 s
À1
. In order to examine the deformed microstructures by electron backscatter diffraction (EBSD), a Thermal-Field-Emission Scanning Electron Microscope (Jeol 7001f-0.1e30 kV) was employed. For this purpose samples were prepared according to standard metallographic procedures. In order to distinguish between high angle grain boundaries (represented by black lines) and low angle grain boundaries (represented by green lines) a misorientation threshold of 15 was selected. Then, if the average misorientation angle within a grain exceeded the minimum angle to define a subgrain, i.e., 3 , the grain was classified as deformed grain. If internal average misorientation was under 3 but the misorientation from one part to other part of the grain was above 3 (i.e., grain consists of subgrains), the grain was considered as recovered. All the remaining grains were classified as recrystallized.
3. Result and discussion 3.1. Grain refinement mechanisms e impact of strain rate Fig. 1 represents the microstructure of Al-Mg, reinforced with 10 vol% B 4 C, deformed at 400 C at different strain rates. As it can be seen, at low strain rate, i.e., 10 À3 s
, grain boundaries are somehow serrated. This is due to formation of high dislocation density areas and consequently low angle grain boundary (LAGB) behind of former grain boundaries, which restrict grain boundaries movement by formation of triple point junction with high angle grain boundaries (HAGB) [22] . Increase in strain rate results in activation of more dislocations to accommodate deformation which in turn leads to the formation of more LAGBs and smaller subgrain size. This also results in a heterogonous distribution of subgrains. In other words, at increasing strain rates, subgrains are mainly located around boundaries. The smaller subgrains and finer grain boundary serrations can be also noticed in isolated grains presented in Fig. 2 .
During deformation at low strain rate, where grain boundary sliding might be one of the deformation mechanisms, formation of serration on grain boundaries limits the boundary sliding and Fig. 3 . Identifying recrystallized (white), recovered (gray), and work hardened (dark gray) grains for Al-3Mg reinforced with 10% B 4 C (black) in (a) annealed and deformed at 400 C up to strain of 0.7 at a strain rate of (b) 10
, (e) 1 s À1 and (f) 10 s
. Green lines account for LAGB, while black lines for HAGB.
causes the formation of plastic accommodation zones around serrations [22] . As a result, some strain induced subgrains appear near the boundaries, which can be converted to high angle grain boundaries by further straining. This phenomena has been named lattice rotation continues recrystallization (LRDRX) [22] . Some of these grains are shown in Fig. 2a and as it is evident, their orientation is different from the initial grain. Recrystallized grains as well as recovered and hardened grains are identified with different colors for all the microstructures in Fig. 3aef . According to Fig. 3a , the full annealed microstructure contains recrystallized grains and recovered grains (subgrains). The identification of grains as recovered ones is based on presence of LAGBs inside the grains which is due to the rotation of grains and hence converting HAGBs to LAGBs during annealing. As it is clear in Fig. 3b and c, after deformation at strain rates of 10 À3 and 10 À2 s À1 , recrystallized grains are uniformly distributed into the microstructure and there is not any preferential site where they appear, either between particles or far away from the particles. Based on the mentioned recrystallization mechanism and due to the formation of finer subgrains, an increase in strain rate up to 10 À2 s À1 resulted in smaller recrystallized grains.
On the other hand the presence of elongated grains in the microstructure of samples deformed at higher strain rates (10 À1 s À1 ) indicates that grain boundary sliding is limited and deformation is mainly accommodated by dislocation glide based mechanisms. However, in this latter condition, some work hardened grains and also some fine recrystallized grains are located around particles as shown in Fig. 3d . It is well known that in metal matrix composites reinforced with large particles, the main strengthening mechanism is load transferred from matrix to hard particles [23] . This feature in turns leads to the formation of stress gradient from particles to the matrix which will be relaxed by geometrically necessary dislocation at low strains. Continued straining, based on difference between elastic modulus of particle and matrix, will lead to the appearance of a deformation zone (DZ) around particles with high dislocation density and large misorientation gradient. These high energy areas are suitable sites for nucleation of new recrystallized grains promoting the so-called particle stimulating nucleation (PSN).
To investigate the occurrence of PSN, the misorientation of grain boundaries for the single phase alloy and the composite one is compared in Fig. 4a and b . It is clear that more HAGBs are present in the composite microstructure than single phase alloy. Considering the fraction of HAGBs at the deformation zone near particles and the corresponding fraction of HAGBs in the matrix far away from particles, it seems that DZs are responsible for increasing the fraction of HAGBs in the overall composite microstructure. Presence of such value of HAGBs around particles, is evidenced by several small grains ( Fig. 4c and d ) which can be resulted from a DRX process. According to the EBSD micrographs and location of DRXed grains, it seems also that deformation zones are not uniformly distributed around particles. To identify deformation zone areas, the variation of misorientation from the interface of particle-matrix toward the matrix was investigated. As it can be seen in Fig. 5 , Y direction, i.e., the compression direction, shows higher misorientation in comparison with X direction. Based on the fact that misorientations can be related to geometrical needed dislocation density [24] , this area provides the energy required for the activation energy for DRX to occur. Besides, as illustrated in Figs. 3 and  4 , initial grains at these areas are elongated, and in some cases fractured, which results in the formation of some small work hardened grains, especially at higher deformation rates.
Nevertheless, as already mentioned, some DRXed grains can be also found far away from particles. Considering the high resolution EBSD micrographs displayed in Fig. 6 , it seems that the bulging mechanism can be considered as a one of the nucleation mechanisms of DRX. According to this mechanism, limited migration of serrated grain boundaries leads to formation of a low dislocation density area behind them which is accompanied by formation of LAGB [22] . This area can act as nuclei for recrystallization. Some of these new grains are shown in Fig. 6 . As well, some DRXed grains located at triple point junctions can be also noticed in this latter figure.
Deformation at strain rates of 1 s À1 and 10 s À1 made grains more elongated and subgrains even smaller. However, fine DRXed grains still can be identified around the particles, although in lower amount than at slower strain rates. It has been reported that increasing the strain rate also increases the critical dislocation density for the onset of DRX, or in other words, by increasing strain rate, more deformation is required for DRX, i.e.,
This is in accordance with Fig. 7 where once can notice that the overall fraction of DRXed grains decreases as the strain rate is increased. However, the fraction of DRXed grains located around particles represents a maximum value at a strain rate of 10 À1 s
. This fact is due to the activation of the PSN mechanism in a limited range of the Zener e Hollomon (Z) parameter. At very low values of Zs (low strain rates), where the continuous recrystallization mechanism is dominant, DZs are not formed or appeared a limited area around particle. In order to investigate the extension of the deformation zone DZ in to the matrix, at different deformation conditions, the variation of misorientation from particle to matrix was plotted in Fig. 8 . Considering these results, DZ is quite small and limited at low Z values. However, at high Zs, DZ is developed inside the matrix and around the particle. The former is due to flow localization which can occur during deformation at lower Z. Therefore, the reason as why PSN is limited at low Z is the formation of smaller DZ and occurrence of dynamic recovery and reduction of stored energy in such condition. It also has been stated that PSN will not be so effective during hot deformation due to the fact that dislocations may bypass particles without forming a DZ or due to the development of a dislocation structure in the grains [6] .
At high values of Z (high strain rate), although DZs are well developed and situation is suitable for PSN mechanism, continuous recrystallization is limited. Therefore, only one mechanism is responsible for DRX. Another factor that can explain the limited DRX fraction at high strain rates is the short time for grain growth. Gourdet and Montheillet [26] indicated that in aluminum, because of a strong dislocation density differences between the two sides of a given grain boundary, the migration rate of grain boundaries is a power law function of strain rate, i.e., dR=dtf_ ε 2m , where m is strain rate sensitivity. It is clear that for a constant strain, by increasing strain rate, the deformation time will be reduced by a factor tf1=_ ε. Therefore, if m is less than 0.5, which is normally the case during hot deformation of aluminum, by increasing strain rate, although migration rate increases, the time for growth is more reduced. As a result, microstructure contains smaller DRXed grains in the areas where the critical dislocation density has been achieved. In order to support this explanation, a comparison between amount and size of DRXed grains around particles is presented in Fig. 9 .
Grain refinement mechanisms e impact of temperature
The results shown up to now concern with microstructural variations at different strain rates, but constant temperatures. As it is evident the restoration mechanism is also temperature dependent [27] . According to Fig. 10 , when deformation takes place at a lower temperature, i.e., 300 C, deformation zones are also formed around the particles. Moreover, the microstructure is formed by a heterogeneous distribution of LAGBs and elongated grains. In contrast, the microstructure deformed at 500 C displays recovered grains (with low aspect ratio) bordered by serrated boundaries and also some recrystallized grains. Subgrains are well developed which indicates a dominant role played by dynamic recovery and unlike deformation at lower temperatures, deformation zones which are characterized by work-hardened grains around particles are not obvious.
Misorientation angle distribution graphs ( Fig. 10c and f) indicate that deformation at higher temperature results in more HAGB Fig. 7 . Fraction of work hardened, dynamic recovered and dynamic recrystallized grains in the matrix (a) and around particles (b) for different strain rates at temperature of 400 C and in the matrix for different temperatures at a strain rate of 10 À1 s À1 (c). Fig. 8 . Variation of misorientation from the particle-matrix interface to the matrix for different deformation conditions.
which can be explained in terms of the occurrence of DRX. As already stated, increasing temperature reduces the critical density required for DRX [25] . Moreover, grain boundary mobility (M) is a function of temperature, i.e., M ¼ C expðÀQ =RTÞ and hence, new grains can grow faster at higher temperature [28] . Therefore, it is reasonable that the microstructure deformed at higher temperature contains more and larger recrystallized grains (Fig. 7c) . High resolution EBSD micrographs reveal that some fine recrystallized grains (~1 mm) appear into the deformation zones in the vicinity of the particles even at 300 C (Fig. 10b) . Considering their size and quenching time, these grains should be originated . Fig. 10 . EBSD micrographs and corresponding misorientation angle distribution of Al-3Mg/10%B 4 C deformed at (aec) 300 C and (def) 500 C with strain rate of 10 À1 s
À1
.
from the PSN mechanism due to their formation in high energy areas. In the microstructure deformed at 500 C, however, new grains are larger whether near or far from particles. In other words, it seems that PSN was not active during deformation at higher temperature, in a similar way to the observations when deformation took place at moderate temperature (400 C) and low strain rate. In such conditions, a fast dynamic recovery process does not let to accumulate the required energy for the onset of recrystallization.
Grain and subgrain size description
The dependence of the average subgrain size and DRXed grain size on de Zener-Holloman parameter is presented in Fig. 11 . As it is obvious, by increasing Z, both subgrain size and recrystallized grains size decreases, especially at lower Zs values. A linear equation has been widely used to derive a relation between lnZ and subgrain size [2] . Applying this equation for the wide range of data obtained from micrographs is presented in Fig. 11 . Based on this figure, it seems that although this equation is in acceptable agreement with data at low Z, is clearly not applicable at high Z values. According to Murr [29] , the relation of subgrain size and dislocation density is d ¼ k 0 =r 1=2 , which by utilizing Taylor equation, s ¼ MaGbr 1=2 , can be related to stress. Considering the value of the stress during deformation, the relation between Z and stress can be defined as a power function, i.e., Z ¼ ks n . Therefore, the equation for determining subgrain size with respect to Z parameter can be defined as:
where n is the stress power exponent, which in turns is inverse of strain rate sensitivity, m, and based on active deformation mechanism varies from 3 to 7 (dislocation based deformation mechanisms). As a result, power of Z (1/n) should be between of 0.14e0.33. As shown in Fig. 11 , the value of 1/n is 0.16 (n is around 6) which means that dislocation climb is the controlling mechanism during deformation. It should be noted that high strain rate results (black dots) are added to the graph after finding equation constants, to check if the presented equation is appropriate for predicting the average subgrain size at high Z. As it can be seen the experimental results are in agreement with model at high Zs. Applying this method on recrystallized grains also show better results in comparison with leaner approach (Fig. 11 ).
Conclusion
Al-3wt.%Mg alloy reinforced with 10 vol% B 4 C with particle size of around 80 mm was deformed at temperatures of 300e500 C with strain rates of 10 À3 to 10 1 s
À1
. Based on microstructural observations, the following conclusions can be drawn from this study:
1. At strain rates lower than 10 À2 s À1 and temperatures higher than 400 C the softening dominant mechanism was DRV, the microstructure near and far away from particles were uniform, and some DRX grains were appeared through lattice rotation mechanism. 2. At higher strain rates up to 10 s
, or temperatures lower than 400 C, the microstructure far away from the particles was formed by DRVed grains, and near the particles it consisted of DRVed and DRXed grains as a result of the activation of the PSN mechanism. The large fraction of DRXed grains was observed at intermediate values of Z. 3. The penetration of deformation zones formed around the particles into the matrix depends on the deformation condition, i.e., by decreasing Z, smaller deformation zone was formed. 4. At high value of Z the average grain and sub-grain sizes of the composite material are lower than those in the single phase AlMg alloy, which is due to formation of highly deformed area occurrence of DRX in deformation zones close to the particles. 5. The variation of grain and sub-grain sizes for wide range of Z was better described by a power law type equation instead of an exponential type.
